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tion temperature have been found to further enhance
this protective behavior of the amorphous films.

16 Claims, 4 Drawing Figures

A T P -
4 PP AP '

VACLIUM




U.S. Patent Jan. 15, 1985 Sheet10of3 4,494,136

i

80

FIG. 2

60
20 (DEGREES)

40

I R R
«— (GYV) ALISNILNI

- 20

-
N

NSNS RN NN

F1G.

|
o] I”H
s R,
A 8
_--l'" L I ] -' . - '#:‘,.:&rf
- :.‘-l-'q ‘ - . -:‘ -..t' "I,:::::.a
(3
Ny L4
Hq Vo
o o
P {
1|

VACUUM




U.S. Patent Jan. 15,1985  Sheet2of3 4,494,136

AS-DEPQOSITED
i 5 USEN T SRR R IS W S
A
- B00°C, 1h
foa
Q-
<
z .
= | 550°C, 1h
=
L]
[.._
=
-
O _ _
N 500°C, 1h
X
_Cl’_'
L
W
D [
650°C, 1h J
50° 40°
«———20 (Deg]

FIG. 3



U.S. Patent Jan. 15,1985  Sheet3of3 4,494,136

AS-DEPOSITED

bl
_#_-_ A

#—-—*-
_-_'-'—-—-l'

- e L

Cu

600°% | HOUR

‘__-4——-

'l--‘
e
"'-‘-'--l--—'.-_____-_---"

SPUTTER TIME (MIN.)—

-G 4



1
SEMICONDUCTOR DEVICE HAVING AN
AMORPHOUS METAL LAYER CONTACT

CROSS-REFERENCE TO RELATED
APPLICATION |

This application 1s a continuation-in-part of copend-
ing application Ser. No. 81,859, filed Oct. 4, 1979 now
U.S. Pat. No. 4,350,994, |

BACKGROUND OF THE INVENTION

The present invention relates in general to improved
metallization systems for semiconductors or devices
and integrated circuits, and in particular to contacts,
such as Ohmic contacts or Schottky barrier contacts,
for high temperature semiconductor devices and to

methods and composttions for use in the manufacture of

such metallization systems.

There are many important applications where it is
desirable to use electrical transducers, discrete semicon-
ductor devices or complete circuits capable of sustained
operation at elevated temperatures; for example, at
temperatures up to 500° C. and above. Such applica-
tions include in situ monitoring of jet engines, internal
combustion engines, turbines, nuclear reactors, geother-
mal holes, and “hot’ oil wells. The high temperatures
and often corrosive environments encountered in these
applications, however, present extremely difficult reli-
ability and lifettme problems which are not being met
with existing semiconductor devices or technologies.
Particularly, severe are the problems of hermetic pack-
aging; internal device passivation; and metallurgical
proglems associated with the formation of Ohmic
contacts to the semiconductor, metal interconnects, and
bonded lead wires.

A crucial step in developing reliable high tempera-
ture devices of the type described is believed to be that
of 1solating a semiconductor which is capable of func-
tioning at elevated temperatures, and a metallization
system that is compatible with the semiconductor dur-
ing high temperature operation. Compatibility requires
that: (1) the chosen metal or metals exhibit good adhe-
sion to the semiconductor, (2) acceptable microstruc-
tural and mechanical properties are exhibited at the
operating temperatures, (3) the selected metal/semicon-
ductor system is capable of producing good Ohmic
(non-blocking or non-injecting) characteristics with
minimal specific contact resistance at the operating
temperatures, and (4) the overall system is stable in its
electrical, structural and mechanical properties for peri-

ods of at least several thousand hours at the operating

temperatures.

In the design and fabrication of semiconductor de-
vices and integrated circuits, metals are used to perform
at least four separate functions; namely, to form (1)
Ohmic contacts to the semiconductor; (2) rectifying or
Schottky contacts to the semiconductor; (3) intercon-
nects; and (4) gate metallizations in MOS devices.

THe physical properties demanded of the metal are
slightly different in each case, so that no one elemental
metal or alloy is optimum for all four functions. The
search for appropriate metals for functions (1) and (2) is
largely empirical, because there is no way to predict, a
priorl, whether a given metal will form good quality
Ohmic or Schottky contacts with a given semiconduc-
tor. Function (3) requires that the metal have a high
electrical conductivity to minimize I?R losses and para-
sitic resistances. With respect to function (4), high con-
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ductivity is less important than the metal’s work func-
tion (which plays a role in determining the MOS thresh-
old voltage). In addition to these considerations, the
choice of an appropriate metallization should take into
account practical constraints imposed by processing
and reliability considerations.

Such practical constraints include at least the follow-
Ing processing considerations: (a) compatibility with
practical deposition methods; (b) compatibility with
standard patterning techniques; (c) compatability with
standard wire bonding techniques; (d) good adhesion to
the semiconductor and passivating layers; and (e) com-
patability with thermal cycling. The applicable reliabil-
ity considerations include: (f) good edge definition and
line-width control; (g) good thermal conductivity; (h)
resistance to electromigration; (i) resistance to interdif-
fusion or reaction with substrates; and (j) resistance to
formation of intermetallic compounds.

Those constraints, combined with the basic func-
tional requirements, place severe restrictions on the
choice of metallization. In practice, some of the con-
straints require conflicting properties; e.g., reactivity vs.
Inertness, making it difficult to find a single, simple
metallization which will suffice for all functions. This
often leads to the use of multicomponent or multilayer
metallizations with various different metals serving as
adhesion layers, diffusion barriers, bonding or capping
layers, etc.

Moreover, during processing, the metal layers are

‘often exposed to high temperatures and, during opera-

tion, they may be exposed to moderately elevated tem-
peratures, temperature gradients and high current den-
sities, These environmental conditions serve to acceler-
ate diffusion and chemical reactions among most metal,
semiconductor, and insulating materials leading, in
many cases, to the formation of unwanted compounds
which can cause device failure for electrical or mechan-
ical reasons.

From the consideration of the required semiconduc-
tor characteristics, such as intrinsic carrier concentra-
tion, it 1s clear that compounds such as GaAs and GaP
are among the most attractive candidates for high-tem-
perature applications above 200° C. While present tech-
nology can be used to produce satisfactory Ohmic
contacts to GaAs and GaP, these methods are not capa-
ble of being applied to high temperature devices.

Most metals, when deposited onto a substrate by
sputtering, evaporation, or plating, produce films hav-
ing a polycrystalline microstructure. This is true of all
metals and alloys currently used in semiconductor de-
vices and integrated circuit metallizations. During pat-
tern delineation, the grain boundaries often etch prefer-
entially, leading to poor edge definition and poor line-
width control. It has been found that the best edge
resolution is obtained with fine-grained metals. As the
grain size is reduced, however, grain-boundary diffu-
sion becomes increasingly troublesome and all pro-
cesses controlled by diffusive transport, such as phase
separation, compound formation, etc., are enhanced.
Electromigration, a very severe problem occurring at
high current density (J= 104 A/cm?), is also enhanced
along grain boundaries. As a result, in conventional
metallizations, those films which afford the highest
pattern resolution pose the most severe reliability prob-

lems due to grain-boundary diffusion and electromigra-
tion. |
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It is believed that simple metallization systems using
the minimum number of component overlayers have the
best chance for success in achieving high-temperature
stability over long durations. A prime requirement for
high stability of a contact overlayer is resistance to

interdiffusion reactions, which implies an overlayer
component that is effectively a diffusion barrier. To

satisfy this requirement, the overlayer material that 1s
used should have a high kinetic resistance to any change
or modification of its atomic structural state at the
working temperature of the device.

This invention takes a novel and unique approach to
this problem by making use of the characteristic of some
metal and alloy systems to undergo a vitrification to a
compositionally homogeneous amorphous phase. The
as-deposited amorphous films have good adhesion and
show at least an order of magnitude improvement in
corrosion protection compared to polycrystalline coat-
ings. Moreover, annealing treatments below the glass
transition temperature have been found to enhance
further this protective behavior of amorphous films.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of equipment for de-
positing an amorphous layer on a semiconductor sub-
strate or base by RF sputtering;

FIG. 2 is a diffraciometric scan of a typical amor-
phous Ni-Nb film embodying the features of this inven-
tion:

FIG. 3 shows AES depth-profiles of Cu, Ni, and Nb.
The top trace shows the as-deposited structure: a Cu
layer on amorphous Ni-Nb. The middle trace shows
that there was very little interdiffusion after 10 hours of
annealing at 500° C. The bottom trace shows consider-
able interdiffusion after only 1 hour at 600° C. The rapid
interdiffusion at 600° C. is a consequence of crystalliza-
tion; and

FIG. 4 illustrates X-ray diffractometer scans of an
initially amorphous film of Ni-Mo after 1 hour anneals
at successively higher temperatures. The vertical scales
are arbitrary. Gain settings vary somewhat among
traces, but horizontal scales are tdentical. There 1s slight
evidence of the onset of crystallization at 600° C., and
nearly complete crystallization at 650° C.

DETAILED DESCRIPTION OF THE
INVENTION

The macroscopic manifestation of the transition from
liquid to glass is a homogenous and continuous harden-
ing, as measured by the shear viscosity, with decreasing
temperature. Accompanying the hardening are changes
in physical properties, such as abrupt decreases in heat
capacity and thermal expansion coefficients which are
related to the inability of the material to achieve config-
urational equilibrium during the time of observation in
the high-viscosity regime. Changes in atomic configura-
tion in liquids correspond roughly to the shear viscos-
ity. At a viscosity of 1013P, the time constant, 7., for
configurational adjustment is of the order of 0.5 hr and
increases to about one day at a viscosity of 1015P.

In most experiments, the onset of the glass transition
occurs at a viscosity of about 1013P, which is taken as an
operational definition of the glass-transition tempera-
ture (Tg). From a microscopic view, the distinction
between an amorphous solid and a crystalline solid is
clearer. The equilibrium atomic positions in a crystal-
line solid are correlated over many atomic spacings. In
an amorphous solid, diffraction examination has demon-
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4

strated that any translational correlations in the equilib-
rium position of the constituent atoms do not extend
beyond distances of a few atomic diameters.

The limit of metastability of a highly-undercooled
liquid is marked by the onset of a homogeneous nucle-

ation of the crystalline state unless the glass transition

intervenes at a temperature above the nucleation tem-
perature. For metals and metallic alloys, the onset of
homogeneous nucleation has been taken to occur at an
undercooling equivalent to 0.2 T,, where T,, is the
absolute melting temperature. Recent work has demon-
strated that many liquid metals and alloys may be un-
dercooled to a significantly greater extent than 0.2 T,.
In some cases, undercoolings approaching 0.5 T,, may
be attained in carefully prepared samples. While such
findings are important in extending the range of liquid
undercooling, which is accessible to study, they also
serve to emphasize that most solidification reactions
occur as a result of the heterogeneous catalysis of nucle-
ation. |

The crystallization of a liquid at large undercoolings
of 100° C. or more i1s a very rapid process involving the
propagation of a solidification front at velocities of the
order of cm/sec. However, the reaction is thermally
activated so that not only is it necessary for sufficient
driving force to be present, but also adequate atomic
mobility must be available. Therefore, the extent and
occurrence of crystallization may be limited if a liquid
can be undercooled rapidly to a low temperature where
atomic mobility 1s sluggish. This is the basis of the most
commonly used techniques for generating the amor-
phous state in metallic systems.

While many of the early investigations of glass forma-
tion 1n metallic alloys involved the use of the *‘splat
cooling” technique in which a small amount of hiquid 1s
chilled rapidly by impingement on a substrate at high
velocity, it is recognized that the cooling rates with this
procedure are in the range  from about 10° to 108
°K./sec. Basically, “splat cooling” is limited by the rate
of heat conduction between the small liquid sample and
the underlying substrate.

More effective cooling is possible by employing an
atomic deposition approach, as represented by sputter
deposition in which atoms impinge on a solid surtace
and are condensed continuously to form a film. Cooling
during vapor deposition 1s determined by the time re-
quired for an individual atom to lose its initial kinetic
energy and to achieve thermal equilibrium with the
substrate. The equilibration time for a vapor deposited
atom is of the order of 10—12 sec. Thus, for an initial
temperature of 1-2 X 103 °K., a cooling rate of the order
of 101> °K./sec is anticipated. The ultra-rapid quench
rate possible with vapor deposition suggests that atoms
are effectively frozen in place within a few atom diame-
ters of their point of impingement on the substrate. As a
consequence, a greater variety of metallic alloys may be
vitrified by such vapor depostition techniques.

An understanding of the factors that tend to be asso-
ciated with good glass-forming ability is important not
only in providing guidance in selecting systems which
may be vitrified easily, but also in judging the relative
thermal stability of the amorphous phase. Often, a sys-
tem which forms a glass readily is also a system with a
relatively high value of T, and of the reduced glass
temperature, T,/T,;. As a consequence, alloy systems
which exhibit amorphous phases which are stable at
high temperature are also systems with high melting
temperatures.
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In accordance with the practice of this invention,
such amorphous (glassy or non-crystalline) metals are
used in semiconductor device and integrated circuit
metallization applications. Being amorphous, the metals
contain no grain boundaries or macroscopic inhomoge-
neities which could cause anisotropic or locally en-
hanced etching. The ultimate limit to edge resolution

achievable with glassy metals i1s set by the sizes of mi-

croscopic composition fluctuations (=~10-20 A) or
voids (<10 A). The absence of grain boundaries also
gives excellent protection against electromigration.
Diffusive transport is very slow in glassy metals such
that they are exceptionally resistant to interdiffusion
and compound formation.

There are a number of additional advantages that are
associated with the application of amorphous phases as
contact materials for high-temperature service. At tem-
peratures below the glass transition temperature, T,
amorphous phases are kinetically stable and resistant to
compound formation. The electrical resistivity of amor-
phous metallic alloys 1s in the range of about 10-100 u{}
cm which is satisfactory for contact applications.

In addition, below T the interdiffusion rates between
an amorphous overlayer and the underlying crystalline
substrate can be anticipated, from structural consider-
ations, to be very sluggish. The amorphous overlayer
contact 1s an effective diffusion barrier. Since T, has
been found to scale with the melting temperature, T,,,
and range from about 0.4 T,, to 0.6 T, for many metals,
amorphous phase contacts for high-temperature appli-
cations require the use of relatively high melting point
metals such as refractory metals.

Among the alloys that appear to have suitable ther-
mal stability to remain in the amorphous state at temper-
atures up to about 500° C. are Nb-Ni and Ta-Ni. For
example, in the Nb-Ni system, alloys in the range from
about 30 to 85 atomic % Ni deposit as an amorphous
phase during RF sputtering and remain in the amor-
phous state upon annealing to temperatures up to about
600° C.

In accordance with the practice of this invention, the
metal or alloy 1s deposited as an amorphous material on
a semiconductor, to form a contact capable of use at
high temperatures. It is necessary to use, as the contact
metal, a metal or alloy which can be deposited as an
amorphous or glassy phase and which is characterized
by a crystallization temperature (T, considerably
higher than the temperature to which the device will be
exposed during metal processing, such as annealing, or
during use so that the contact layer will remain in the
desired amorphous or glassy state.

As used herein, and as described in greater detail with
reference to Example 1, the crystallization temperature
(T¢) 1s the temperature at which a film deposited ac-
cording to the method of the present invention does not
exhibit crystalline properties for a period of at least one
hour.

For this purpose, use can be made of amorphous
alloys having a high crystallization temperature from
the amorphous state, such as a temperature above 200°
C. and preferably above 500° C. Such amorphous metal-
lizations can be produced from various transition met-
als, transition metal/normal metal alloys or transition
metal/metalloid alloys. The transition metals and alloys
capable of being used to form the amorphous contact, in
accordance with the practice of this invention, are se-
lected from the transition metals to the left of the noble
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metals, copper, silver, and gold in the periodic table of
elements.

The invention will be described with reference to the
use of binary alloys but it will be understood that use
can be made of binary, ternary and more complex alloys
which are metastable in the amorphous phase. The
description, as related to binary alloys, 1s made primar-
ily for the sake of simplicity.

Representative of such binary systems are Ni-Nb,
Ni-Mo, Mo-Si and W-8§i, all of which yield high T,
amorphous alloys. By RF sputtering, amorphous films
have been produced of Ni-Nb over the composition
range, NiggsNbp.15 to Nig.3oNbg.70. These films have
crystallization temperatures in the 600° C. range, with
the highest T, occurring for the composition
Nig.65sNbg.35. Use can also be made of Ni-Mo alloys
within the composition range near Nig ¢5-Mog.35 having
T, values of 500°-600° C. |

The Mo-S1 and W-8i1 systems are interesting for a
number of reasons. Pure Mo or W have often been
proposed as good candidates for high-temperature met-
allizations on both Si and compound semiconductors.
Their use has been limited primarily by the interdiffu-
sion and compound-formation problems previously
discussed, which problems may be alleviated by the use
of amorphous films. The Mo-St and W-Si phase dia-
grams are similar, showing compounds TsSi3, T3Si; and
TSi17, where T 1s Mo or W and eutectics at roughly 20%
and 60% Si. The eutectic temperatures are all in the
1900°-2300° C. range, leading to the expectation of T,
values of about 1000° C.

Ternary compositions are particularly attractive for
the formation of Ohmic and metal contacts. The large
atomic size and high melting point of Hf, for example,
makes 1t suitable for a ternary addition to increase the
stability of binary alloys in the single-phase amorphous
state.

Substrate requirements for successful vapor deposi-
tion of amorphous metals, in accordance with the prac-
tice of this invention, are easily satisfied by almost any
crystalline or amorphous solid. Incident metal atoms
come to thermal equilibrium with the surface in times
characteristic of a few atomic vibrations {~ 10—12 sec).
Thus, the main requirement is that the substrate surface
be at a temperature well below the glass-transition tem-
perature during deposition. This, in turn, requires that
the substrate have a thermal conductivity adequate for
raptd transfer of the heat-of-condensation to a heat sink.

The fact that amorphous metals have been deposited
successfully on such notably poor thermal conductors
as Pyrex leaves little doubt that all common semicon-
ductors will provide adequate heat-sinking and be us-
able as substrates.

As the semiconductor substrate or base, use has been
made of silicon, GaAs, GaP, silicon oxide, glass and
Al,Os,

Film deposition can be accomplished by sputtering
from composite cathodes. Two of the systems that have
been used are, a DC getter-sputtering system and an RF
system.

In the DC system, the cathode, anode and plasma are
enclosed 1n a Ni-plated chamber which serves as the
“getter” surface. With the substrate protected by a
movable shutter, a predeposition sputtering cycle is
used to bury any foreign contaminants under a fresh
layer of cathode material. The shutter is then opened
and a film is deposited on the substrate. Depositions are
carried out at an Ar pressure 550 Torr and a power
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level =1 kW. This system has no provision for substrate
cooling, but substrate temperatures are typically below
200° C. during deposition. The small cathode size is
convenient and economical for experimentation with
varying compositions.

The RF system allows very high sputtering rates at
relatively low Ar pressures (5 Torr) and, owing to the
large cathode size, RF sputtering produces much more
uniform films than the DC System. Use 1s made of com-
posite cathodes, such as formed with overlays of second
metals on a pure Ni base. Other base cathodes are avail-
able for use in the RF systems including Cr, Ti, Al and
Si.

Referring to FIG. 1, an arrangement is shown for the
preparation of a high temperature semiconductor de-
vice in which the amorphous layer of a transition metal
or alloy i1s deposited by RF sputtering.

Specifically, the substrate 10 is supported on an anode
in the form of a platform 12 within a sealed vacuum
chamber 14 which is backfilled with an inert gas, such
as Argon, to a pressure suitable for sputtering as mea-
sured on a vacuum gauge 20. The composite cathode In
the form of a plate 16 is spaced substantially parallel to
the plate 12.

The RF sputtering voltage is sufficient to iomze the
inert gas (Argon), causing a glow discharge 18 to form
between the cathode 16 and the anode 12. Argon ions
are attracted to the cathode where they 1n turn knock
loose atoms of the cathode containing the metal or alloy
to be deposited. The metal atoms, which are dislodged
from the cathode, travel to the anode where some of
them strike and adhere to the substrate 10. It may some-
times be desirable to circulate a cooling medium, such
as water, through the substrate platform (anode) 12 to
prevent a rise in the substrate temperature so that only
amorphous metal films 22 will be deposited and retained
on the substrate. Other deposition methods such as
magnetron sputtering or evaporation techniques could
also be used.

FIG. 2 shows a diffractometric scan of an amorphous
Ni-Nb fiim having a thickness of 3u deposited by RF
sputtering on an Si substrate. The signal-to-noise ratio
was 4:1 for the lower peak. The as-deposited films are
amorphous, as revealed by the absence of any sharp
crystalline X-ray diffraction peaks.

Amorphous Ni-Nb films have been deposited in the
manner described on substrates of Si;, GaAs, CaP, SiO»,
glass and Al;O3. In all cases, the films are hard, mirror-
like and show outstanding adhesion to the substrates. In
‘adhesion tests, the films have been found to be excep-
tionally difficult to scratch and cannot be pulled from
the substrates with tape or epoxy-bonds.

The films appear to be extremely corrosion resistant.
Films of approximately 1u thickness are unaffected by
5-10 min. immersion in acid such as HCl or HNOs at
room temperature. The same films can, however, be
totally removed in =2 min. with a standard Nb-etch (7
HF-75 HCI1-25 HNO»).

Maximums of the sheet resistance of the films give
values of 0.3-0.5€)/01 for films of ~ 1w thickness. Resis-
tivities are thus in the 30-55u(} cm range.

It will be understood that the crystallization of amor-
phous metals in the temperature range of the glass tran-
sition and above is clearly controlled by kinetic factors.
As a consequence, 1t must be emphasized that an experi-
mentally determined value of T, the crystallization
temperature, depends to some extent on the timescale of
the measurement. For example, a sample may crystal-
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8
lize in 10 hours at 580° C., in 1 hour at 600° C. and in 1
minute at 620° C. The onset stage of crystallization is
also dependent on the selected threshold level of crys-

tallinity and on the sensitivity of the experimental mea-
surement.
Furthermore, the value of T, and the crystallization

onset may be expected to be influenced by annealing
treatments that are performed below T, but in the vi-
cinity of the glass transition. The annealing treatments
can yield a structural relaxation and a stress-relief of the
as deposited amorphous film which can also modify the
atomic transport associated with crystallization.

During the crystallization of vapor deposited amor-
phous metal films, it is also necessary to consider both
the free surface and the substrate/film interface as po-
tential sites for the initiation of crystallization. Any
modification of these sites can act to alter the develop-
ment of crystallization. However, for practical pur-
poses, the characteristic time for crystallization is a
function of temperature so that reasonable estimates of
the maximum “operating temperatures” of amorphous
metallization systems can be obtained using short term
anneals. Except where indicated otherwise, the results
reported herein were obtained using a standard anneal-
ing time of 1 hour.

EXAMPLE 1 .

In order to determine the one-hour crystallization
temperature of a given alloy composition, a sample of
an amorphous metal deposit was sealed in a quartz cap-
sule which was evacuated to a pressure <10—> Torr
and gettered by a small Ti slug. The annealing treatment
was initiated at 400° C., after which the sample was
removed from the capsule for examination by X-ray
Diffraction (XRD). If there 1s no evidence of crystalli-
zation, the same sample is resealed i a capsule and
annealed at 500° C. for one hour. This procedure is
repeated at 100° C. increments until crystallization is
detected. A niew sample from the same sample batch is
then annealed at the penultimate temperature, examined
for crystallinity and reannealed at successively higher
temperatures using 50° C. increments. Finally, a third
sample is used to determine T, at increments of 25° C.

The results of a typical testing procedure are illus-
trated in FIG. 3. The plots show a sequence of XRD
scans for initially amorphous Ni-35% Mo films. The
detailed shape of the amorphous peak varies somewhat
from sample to sample, depending on the film thickness
and composition. Also, at the sensitivity of conven-
tional XRD examination, it is somewhat difficult to
determine whether or not small features associated with
the amorphous peak correspond to the early onset
stages of crystallization. However, XRD does provide a
good measure for determining, in an operational sense,
the appearance of massive crystallization by the clear
evidence associated with the development of numerous
sharp diffraction peaks.

For example, the pattern in FIG. 3 obtained after an
annealing treatment at 600° C. displays small diffraction
peaks at 20=39" and 45°. These features are reproduc-
ible and apparently indicate a small volume fraction of
crystallites in an amorphous matrix. After the 650° C.
anneal, the 39° peak 1s quite strong, but the 45° peak is
diminished. This result suggests that the path of crystal-
lization in the Ni-Mo system may be complex and in-
volve intermediate phase reactions.

Some typical results of the annealing studies are listed
in Table I. The temperature T, is the highest 1 hour
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annealing temperature at which no evidence of crystal-
J1inity was observed by XRD. The temperature T is the
lowest 1 hour annealing temperature at which some
evidence of crystallinity was observed.

TABLE I

Composition

Alloy (a/0)-atomic percent To (°C.) t; (°C.)
Ni—Nb 55 a/o0 Ni 500 550
Ni—Nb 57 a/o0 Ni 575 600
Ni—Mo 55 a/o Ni 525 550
Ni—Mo 65 a/0 Ni 550 600
Mo—Si 60 a/o Mo 550 600

As the results in Table I indicate, all of the films listed
were maintained for at least 1 hour at temperatures of
500° C. and above without crystallization.

EXAMPLE 2

The use of the XRD method to provide an opera-

tional measure of crystallization can be illustrated with
another example concerning diffusion behavior. In this
case, Auger Electron Spectroscopy (AES) together
with argon beam sputtering was used to study the inter-
diffusion between amorphous metal films and an over-
layer of Cu and between amorphous metal films and the
semiconductor substrate. The results shown in FIG. 4
were obtained for a Cu film on an amorphous Ni-Nb
film and an approximate sputtering rate of 250 A/min.
After 10 hours of annealing at 500° C., no significant
motion of the Cu/Ni-Nb interface was observed and
very little interdiffusion took place. This can be deter-
mined by the similarity between the trace of the an-
nealed sample (500° C., 10 hours) with that for the as-
deposited film.

As indicated in Table I, the T, for Ni-Nb by the XRD
method 1s greater than 500° C. That behavior indicates
that an amorphous Ni-Nb film of about 1000 A could
serve as an excellent diffusion barrier to Cu. After one
hour at 600° C., however, the Cu, Ni and Nb have
interdiffused thoroughly to a depth of more than 2000 A
into the Ni-Nb film. Other Ni-Nb films of the same
composition were found to crystallize in one hour at
575° C. by the XRD method of detection.

Thus, 1t is clear that crystallization is responsible for
the massive penetration of Cu into the Ni-Nb film (prob-
ably by grain boundary diffusion). Example 2 also dem-
onstrates the relationship between the operational mea-
sure of crystallization by XRD and the diffusion barrier
characteristic of amorphous metallization systems.

EXAMPLE 3

Samples of annealed, carbide rolled 316 stainless steel
were cut from roll stock and electropolished. These
substrate materials were then coated with the amor-
phous Ni-Nb material. The sample substrate material
was cut into approximately 2 inch square pieces and a
total of 16 (four groups of four samples) of these pieces
were coated simultaneously by RF sputtering. Prior to
coating, each group was processed (cleaned) in the
tollowing manner: Group I, sample Nos. 1-4—no clean-
ing (as received), Group II, sample Nos. 5-8—de-
greased (5 minutes in TCE, methanol rinse and 5 minute
methanol soak), Group III, sample Nos. 9-12—acid
cleaned (5 minutes ultrasonic bath of 2 ml HCl and 200
ml deionized water), and Group IV, sample Nos. 13-16
—base cleaned (5 minutes ultrasonic bath of 0.5 gm
Alconox in 200 ml deionized water) with the samples of
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the latter three groups being rinsed with deionized
water and dried with nitrogen gas after treatment.
Each sample was numbered prior to cleaning. The
samples were then plated in the RF sputtering unit and
Ni-Nb was sputtered onto the 316 stainless steel samples
from a divided patterned target for 30 minutes at a
power of 1 kW. This resulted in a coating approxi-
mately 1 micron thick being deposited. One sample
(Nos. 4, 8, 12 and 16) from each group was kept as a
control, while the remainder were tested as follows.
First, each sample was examined microscopically for
structure and defects. After this examination, photo-
graphs were taken of any structure observed. Each
sample was then subjected to X-ray chemical analysis to

5 determine the ratio of nickel atoms to niobium atoms in

the coatings. The samples were then removed for corro-

~ slon experimentation.
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Corrosion tests were performed in three ways. First,
samples 1, 5, 9 and 13 were subjected to wet corrosion
testing by building dams of wax on the coated surface of
each sample to form four dammed areas, filling three of
the dammed areas with one of the following solutions: 1
molar ferric chloride, 2 molar hydrochloric acid or 2
molar sodium chloride, and examining the sample mi-
croscopically at periods of 2, 4, 8 and 24 hours. Second,
samples 2, 6, 10 and 14 were cut into 1 cm squares, spot
welded to copper wires and potted in epoxy to expose
only the coating to the solution to be tested. Samples of
each were then tested electrochemically in 1 normal
sulfuric acid and 1 molar hydrochloric acid according
to ASTM Standard G 5-72 for anodic polarization mea-
surements. Finally, the remaining samples (Nos. 3, 7, 11
and 15) were sealed in test tubes containing concen-
trated hydrochloric acid, concentrated nitric acid or
concentrated sodium hydroxide solutions.

Results of the testing were as follows: microscopic
examination showed that the coatings were essentially
featureless as one might expect in an amorphous coat-
ing. There was some slight replication of minute surface
structure of the 316 stainless substrate. At higher manifi-
cations, no defect structure was observed. These defects
took the form of shadowed, thin and uncoated areas and
nodular shadowed structures which may be due to spits
of target material falling on the substrate.

X-ray chemical analysis showed that the coatings
averaged a composition of 33.83% Nickel-46.17% Nio-
bium by weight. The maximum nickel composition was
found to be 57.66 weight percent, and the minimum
value was 50.64 wt.% nickel for a variation over an 8
inch circle coating area of only 6.42%. |

Wet corrosion test results showed that the films were
quite good under test conditions set up for examination
of other materials. While there was considerable pitting
due to film defects, no failures of the entire sample were
noted. In other words, there were no complete pores
found which penetrated the entire 316 stainless steel
substrate. |

One interesting result was that no crevice corrosion
was observed. This indicates that attack occurred en-
tirely through the defects in the film and not on the
Ni-Nb film itself. Generally, the following was ob-
served: examination showed no attack in solutions of 2
molar NaCl for periods of 24 hours or less. Slight attack
was observed in 2 molar HCI resulting in undercutting
the film below defects except in the case of the de-
greased sample where film detachment occurrred. Ex-
posure to 1 molar ferric chloride resulted in defect pen-
etration followed by blistering at the site of attack. This
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caused localized detachment and pitting of the 316
stainless steel below the blistered coating. Microscopic
examinations confirm this behavior.

The samples of 316 stainless steel coated with amor-
phous Ni-Nb and exposed to concentrated corrosives
showed varied results. Note that no attempt was made
to protect the edges or substrate backings in these tests.
There was no attack in the case of concentrated nitric
acid, either in the film or the substrate. After 60 hours in
concentrated sodium hydroxide (NaOH), a slight blis-
tering was observed at the edges of the sample, indicat-
ing penetration under the coating from the edge. The 60
hour test in concentrated HCI! resulted in complete
failure of the film. Here, attack initiated at the edges and
at defects in the coating. The chloride ions selectively
destroyed the samples by channeling attack at the grain
boundaries and gases generated during attack caused
rupture of the coating. Subsequent undercutting at the
film-substrate interface caused approximately 350% of
the resultant islands of coating to detach. The islands of
coating remaining were cracked and undercut. Numer-
ous small particles of coating material were found at the
bottom of the test tube in which the test was made.

Apparently, attack is limited to chloride (and possible
oxide) travel to the substrate along defects which exist
in the coatings. There was little or no attack of the
coating itself by the acid.:

Film adhesion and defects in the coating appear to be
the cause of all failures noted. This is not uncommon
and, in fact, 1s evident in most tests of these types on
resistant film. One can expect significant improvement
in adhesion with sputter cleaning of the substrate and
with in situ processing of the coating during the deposi-
tion. Such processing includes biasing the substrate to
remove poorly deposited material while coating, rota-
tion and tilting of the substrate during coating to elimi-
nate shadowing so evident in line-of-sight processes and
sputter/etch cycling to remove defects while coating.
In addition, coatings considerably thicker than 1 micron
can be applied. These coatings should completely elimi-
nate any substrate surface defect replication.

EXAMPLE 4

In addition, amorphous alloys have been shown to
exhibit excellent corrosion resistance in the form of free
standing rapidly quenched ribbons and as sputter depos-
ited coatings. (R. B. Diegle and M. D. Merz, Jn. Elec-
trochem. Society Vol. 127, No. 9, 1980 p. 2030-2033. It
1s useful to note that when corrosion of an amorphous
metal coated sample occurs, the initiation site is associ-
ated with surface features and imperfections that were
already present in the uncoated substrate. In order to
achieve the full benefits of the amorphous metal protec-
tive coatings, it is necessary to give careful attention to
substrate preparation.

Beyond the established and confirmed corrosion be-
havior of amorphous metal films, applicants have dis-
covered that this behavior is sensitive to annealing treat-
ments below the crystallization temperature.

Films of Ni-40% were deposited to a thickness of 1
micron on 316 stainless steel substrates. Some samples
~were treated by annealing for 30 minutes under vacuum
at 400° C. Both the treated and untreated samples were
tested for corrosion resistance in 2 molar HCI and 1
molar FeCl; solutions. Microscopic observation re-
vealed that the treated amorphous films displayed a
significantly greater resistance to corrosion as com-
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pared to the untreated films. The enhanced corrosion
resistance may be related to a possible stress relief or
structural relaxation of the amorphous metal coating,.

It will be understood that various changes and modi-
fications can be made in the above-described invention
without departing from the spirit thereof, particularly
as defined in the following claims.

That which 1s claimed is:

1. A metallization device characterized by resistance
to corrosion and suitably for high temperature applican-
tions which comprises

a base selected from the group consisting of semicon-

ductor devices, Insulators, ohmic contacts,
Schottky barrier contacts, rectifying contacts,
metal interconnects, bonded lead wires and gate
metallizations and,

bonded to the surface of said base, a layer of a metal

elected from the group consisting of a transition
metal, a transition metal/normal metal alloy and a
transition metal/metalloid alloy, said layer being in
an amorphous state.

2. A metallization device as claimed in claim 1 in
which the amorphous metal layer is characterized by
improved resistance to corrosion after being annealed
to the base at a temperature below the crystallization
temperature of the amorphous metal layer.

3. A device as claimed in claim 1 in which the base is
a semiconductor.

4. A device as claimed in claim 1 1n which the base is
an insulator.

5. A device as claimed in claim 1 in which the base is
selected from the group consisting of Si, GaAs, GaP,
glass and S10;.

6. A device as claimed in claim 1 in Wthh the amor-
phous metal layer has a crystallization temperature in
the range from above 200° C. to the melting point of the
alloy.

7. A device as claimed in claim 1 in which the amor-
phous metal layer has a crystallization temperature
above 500° C.

8. A device as claimed in claim 1 in which the alloy is
a muiticomponent alloy.

9. A device as claimed in claim 8 in which the alloy 1s
a binary or ternary alloy.

10. A device as claimed in claim 1 in which the alloy
is selected from the group consisting of Ni-Mo, Ni-Nb,
Mo-S1, W-Si1 and Ni-Ta.

11. A device as claimed in claim 1 in which hafnium
1s included in the amorphous metal layer.

12. A device as claimed 1n claim 1 in which the amor-
phous metal layer is of a thickness within the range of
0.01 to 50 microns.

13. A device as claimed in claim 1 in which the amor-
phous metal layer 1s deposited by atomic deposition
onto the base.

14. A device as claimed in claim 1 in which the amor-
phous metal layer 1s deposited onto the base by RF
sputtering.

15. A device as claimed 1n claim 1 in which the amor-
phous metal functions as a barrier to interdiffuston be-
tween adjacent layers.

16. A device as claimed 1n claim 2 in which the amor-
phous metal layer is resistant to corrosion in the pres-
ence of a reagent selected from the group consisting of
hydrochloric acid, nitric acid, ferric chloride and so-

- dium chloride.
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